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Photoinduced Electron Transfer in Ordered 
Macromolecular Assemblies 
Introduction 
This final report summarizes investigations completed under DOE sponsorship for the 
indicated grant period. The report includes brief summations of important results, a chronological 
listing of papers that issued from the research, and listings of selected presentations and doctoral 
dissertation activity. The latest results are presented in more detail in Part I. The other three parts 
follow and are summarized more briefly. 
Part I June 1,1997 - June 30,2002 
Helix-Forming Pyrene-Labeled Polypeptides. Aggregation of Chromophores and Other 
Aspects of Self Assembly. 
An important theme that is struck in the most recent studies is that much is to be learned by 
investigation of the non-covalent self assembly of the active elements for light induced charge 
separation. For mimics of photosynthetic reaction centers, a priority should be placed on this critical 
structural feature of the natural system (e.g., motifs of scaffolding, the energetics of non-covalent 
binding, the development of vectorial arrays). 
Investigations continued during the grant period on synthetic peptides that are capable of non- 
covalent assemblv. With the appropriate design of amino acid sequences in these systems, vectorial 
arrays of helix or helix ‘bundle’ structures provide scaffolding for organizing photoactive elements, 
including chromophores and electron donor-acceptor sub-units. The synthetic polypeptides are also 
appealing in that strings of amino acids can be prepared with an exact primary sequence that 
incorporates the appropriate design elements (and with the introduction of non-native residues) using 
solid phase synthesis. For example, peptides consisting of 24 amino acid residues, laden with a 
pyrene chromophore at the N-terminus, were prepared and characterized using fluorescence and 
ultracentrifugation techniques. The de novo synthesis incorporates hydrophobic and hydrophilic 
residues in ordered arrays designed to induce folds of peptide chains into helix structures and to 
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promote peptide aggregation (formation of coiled coils). Circumstances were established under 
which long range electron transfer occurs between pyrene ‘special pair’ chromophores at N-termini 
and a remotely positioned electroactive residue (a tryptophan at position-9). This unique peptide 
bundle system (ref 34) was the first to show high-order aggregation to form a synthetic protein of 
some size and to demonstrate multiple-step long range electron transfer. To investigate the driving 
forces that control self assembly, the contribution of chromophore aggregation was dissected using an 
NMR technique (Le., quantifying the favorable hydrophobic interaction that leads to chromophore 
dimer formation (ref 36). A combination of fluorescence and circular dichroism probes allowed the 
determination of binding constants for dimerization of two helices, with and without chromophore 
participation. This factorization of the free energy of binding of the photoactive peptide dimer 
(Figure 1) led to the conclusion that chromophore interaction between peptide units provides a 
significant component for stabilization of a particular twin-helix structure (in the present case, about 
one third of a total driving force for peptide assembly of ca. 10 kcdmol) (ref 37). 
Additional studies have been completed that contribute to our understanding of the synthetic 
peptide model systems. Several peptides having the same photoactive components (e.g., pyrene or 
oxopyrene chromophores), which depend on electrostatic contacts for additional stabilization and 
avoid the intervention of higher order aggregates, have been prepared and their coiling-aggregation 
properties characterized. For these homo- and heterodimeric polypeptides (32-residue, twin helix 
motifs), it was possible to show long range electron transfer that extended over 15 residues of 
separation of the chromophore pair and an electron donor moiety (an asparagine residue was modified 
by attachment of a carbazole donor unit). The data were interpreted in terms of a required 
participation by the hydrogen bonding network of the helix scaffold that permits electronic coupling 
between distant pyrene and carbazole components (ref 40). In another related study, a 32-residue 
peptide was induced to fold and to aggregate, resulting in the twin helix coiled coil in water with the 
assistance of an additive, the surfactant, SDS, at a prescribed premicellar concentration. Oxopyrene 
chromophores which labeled the N-terminus of this peptide underwent intra-pair electron transfer on 
laser flash photolysis. The conditions were defined in this study under which photoinduced charge 
separation can occur between two identical species that are pi stacked and reside in a protein-like 
environment (ref 41). A review article was prepared that summarizes work on electron transfer in 
helical polypeptides (ref 46) 
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Electron Donor-Acceptor Conjugates: Photochemistry in Unusual Media 
In continuing efforts to provide systems that display long-lived charge separation in linked 
electron donor-acceptor structures, we have studied several different motifs of assembly and 
investigated to what extent unusual media play a role in controlling electron transfer rates. Among 
the subjects of these studies was a pyrene-based linkage that deployed the amino acid, tryptophan, 
as an electroactive group and a pyrene derivative as chromophore-acceptor, with alanine acting as 
spacer. For this system we showed that host-guest complexation of the pyrene sub-unit in the 
toroid-shaped cyclodextrin interior gave rise to a reduction in electron transfer rates by as much as a 
factor of five. NMR data provided clues as to the way in which the pyrene and Trp units were 
located in the cup-shape cyclodextrin guest environment (ref 39). 
In another study, the chromophore, naphthalimide (NP), conjugated with the natural 
polyamine, spermine, was shown to undergo dimerization in several polar solvents including water. 
On flash photolysis, the dimers gave rise to naphthalimide radical-ions via an intra-pair electron 
transfer; this phenomenon was investigated in terms of the driving force necessary for reaction 
within the dimer to occur. The NP-spermine conjugate was also shown to self assemble in the 
presence of low concentrations of a polyelectrolyte of opposite charge, and photoinduced electron 
transfer for the resulting electrostatic complexes was also observed (ref 43). A companion study 
utilized a linkage of a coumarin dye framework with azole units that could be investigated in 
different states of protonation. This system was used to probe, via dye-polymer self assembly, the 
pH dependent conformational transition for the polymer electrolyte (poly(methacry1ic acid), 
PMAA) in which a charged elongated random coil collapses to a neutralized cluster (similar to a 
globular protein). 
Two studies involved the well known xanthene dye, rhodamine 6G (R6G) under different 
conditions of laser photolysis. As part of a collaborative effort with a Notre Dame Radiation 
Laboratory group (P. V. Kamat), R6G incorporated onto gold nanoparticles, was shown to form 
large metal-dye clusters (e.g., 20-30 nanometer dimensions) under strong laser excitation in the 
visible. The results were interpreted (ref 35) in terms of neutralization of Au surface charges by dye 
counter-ions, allowing gold cluster formation and further growth of particles upon laser excitation 
via an internal heating-melting-fusion mechanism. A second study of R6G focused on 
photoinduced electron transfer for the dye, when it is ion-paired in a low polarity medium. This 
project was devoted to determining the quantum efficiency of a process in which pairs of ions (e.g., 
R6G+, SCN-) under excitation give rise to neutral radicals that escape solvent cages and show 
effective long lived charge recombination. The rhodamine thiocyanate combination proved 
effective for this strategy, giving rise to 10-20% efficiency of high energy radicals on laser 
photolysis in the visible (532 nm) (ref 44). 
A promising avenue for future investigations is indicated in our most recent study of 
conjugates of the acridinium ion (Ac) with various electron donor species. The current effort is 
focused on linkage of oligomers of thiophene (Th). Electron transfer between Ac and Th units have 
been observed for the new compounds that incorporate one, to as many as six, thiophene units (e.g., 
A5T6, Figure 2). These large arrays give rise to high yields of charge separation (Le., charge shift 
to the Th sub-unit) that can be observed in solution and in a solid matrix of sucrose octaacetate at 
room temperature (poster). 
(Refs 32 - 46) 
Part I1 June 1,1988 - May 31,1991 
Most of the reported work has to do with organic polymers or biopolymers (particularly 
synthetic peptides) that have been modified by covalent attachment (or other means of binding) of 
organic chromophores and electron transfer agents. Specific projects involve (1) peptide conjugates 
bearing electroactive residues such as tryptophan and specifically labeled at the N- or C-terminus of 
peptide chains; (2) the electrostatic binding of organic dyes to poly- electrolytes (polyacrylates) for 
which the formation of dimeric aggregates of bound dye that display unusual photophysical and 
electron transfer properties is important; (3) a study of the binding of dyes and electron transfer agents 
to the "protein mimic", polyvinyl-2-pyrrolidinone (PVP), in hydrophobic domains that depend on 
specific H-bond interaction; and (4) completion of an earlier study having to do with the triplet state 
properties of charge-transfer (CT) complexes of a high potential quinone and various electron donors 
[investigation of the properties of triplet (contact) radical-ion pairs]. 
( Refs I - 8) 
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Part III May 1,1991 -May 31,1994 
Investigations carried out in our laboratory during the report period focused on 
photochemical properties of organic polymers or synthetic peptides that have been modified by 
covalent attachment (or other means of binding) of organic chromophores and electron transfer 
agents. Specific projects involved: 
(1) reversible photoinduced electron transfer for amino acid or peptide derivatives 
(conjugates) bearing the electroactive residue, tryptophan (Trp), and specifically labeled at the N- or 
C-terminus of peptide chains with non-native photoactive components; 
(2) elucidation of intramolecular hole or electron transfer processes involving conjugates of 
the xanthene dye, eosin and peptides containing Trp or tyrosine (Tyr), both in solvents and in 
microdomains of the polymer, poly(viny1-2-pyrrolidinone) (PIP); 
(3) the photophysical properties of cationic organic dyes bound to polyelectrolytes 
(polyacrylates), either through hydrophobic attraction to the globular (largely uncharged) forms of 
the polymers, or through aggregation of dye (bound dimers) with polymers in their charged (random 
coil) form ; 
(4) study of circular dichroism (CD) and other photophysical properties associated with 
electrostatic complexes of cationic dyes and the peptide electrolyte, poly(L)glutamic acid (PLGL) 
where self-assembly of helix structures is important; 
(5) synthesis of acridinium dyes with twisted single-bond linkages to electron donors; flash 
kinetic investigation has demonstrated the importance of a reversible charge shift (CSH) reaction 
that is tunable in terms of decay times for the charge separated state; 
(6) photochemical electron transfer involving a “catalytic triad” of a polypeptide (poly-L- 
histidine), having (a) electrostatic binding sites. (b) radical-ion-trapping nucleophilic sites, and (c) 
covalent attachment of a quinone that serves as an electron transfer sensitizer; the peptide serves as 
a template for two-electron oxidation of a heterocyclic sulfide (a thianthrene derivative) to its 
sulfoxide. 
The principal interest in these systems concerns the influences of the structures of 
polymers/peptides in the control over proximity, spacial dimensions, and organization of 
photoactive electron donors and acceptors. Also important is the deployment of various linkages 
that utilize organic functional groups (some with unusual geometries) as spacers or “conduits” for 
long-range electron transfer (LRET). The well-ordered secondary structures (e.g., the alpha- 
helices) adopted by peptide polymers, and the capabilities for synthetic modification of peptide side 
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chains and end groups with chromophores or electroactive substituents provide another focal point. 
Part of the longer range effort focuses on polypeptides that can be fashioned in such a way as to 
hold reactive groups in a reasonably predictable proximity and further provide opportunities for 
self-assembly of “reaction centers” having vectorial properties, for charge entrainment or multiple 
electron transfers. 
(Refs 9-20} 
Part IV June 1,1994 - May 31,1997 
Investigations carried out during this grant period include (1) time resolution of electron 
transfer events in the fs/ps time domain for polypeptide oligomers have end-to-end charge 
separation; (2) FT-ESWCIDEP, and (3) peptide conformational analysis (NMR). Specific projects 
as follows: 
(1) Synthesis of amphipathic helices for the construction of de novo reaction centers 
(synthetic proteins equipped with chromophores and redox agents) 
(2) Characterization of peptide oligomers capable of end-to-end electron transfer across 1-3 
amino acid spacer residues: charge transfer interactions and ps time scale electron transfer through 
peptide bonds; defining the role of aromatic amino acid side chain substitution 
(3) Preparation of acridinium dye derivatives containing various electron donor groups with 
particular attention to the reducing group, thianthrene; fs/ps study of multistep electron transfer for 
dyad and triad arrays 
(4) Study of cationic dye binding to a conventional acrylic polyelectrolyte and to a peptide 
electrolyte in aqueous solution, demonstrating alternate modes of self assembly of photoactive 
chromophores either in hypercoiled hydrophobic domains for folded polymer or in dye stacks for an 
ordered charge polymer (a helical peptide array) 
(5) Investigation of the high potential quinone, chloranil, and its ability to induce reactions 
of organic electron donors via radical cations; in particular, further elucidation of the behavior of 
contact triplet radical ion pairs in non-polar media (intermediates in the 100 ns time scale). 
(Refs 21 - 31) 
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